Granulomas are the hallmark of Mycobacterium tuberculosis infection. As the host fails to control the bacteria, the center of the granuloma exhibits necrosis resulting from the dying of infected macrophages. The release of the intracellular pool of nucleotides into the surrounding medium may modulate the response of newly infected macrophages, although this has never been investigated. Here, we show that extracellular adenosine triphosphate (ATP) indirectly modulates the expression of 272 genes in human macrophages infected with M. tuberculosis and that it induces their alternative activation. ATP is rapidly hydrolyzed by the ecto-ATPase CD39 into adenosine monophosphate (AMP), and it is AMP that regulates the macrophage response through the adenosine A 2A receptor. Our findings reveal a previously unrecognized role for the purinergic pathway in the host response to M. tuberculosis. Dampening inflammation through signaling via the adenosine A 2A receptor may limit tissue damage but may also favor bacterial immune escape.
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All living cells sense and respond to changes in their external environment. This is particularly true of cells of the immune system. These cells express receptors that recognize both conserved structural motifs on microbes, known as pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), resulting from tissue damage [1, 2] . In studies on infectious diseases, much attention has been paid to the role of PAMPs and the responses they induce. However, the DAMPs released by necrotic cells are also very likely to affect the host immune response. These molecules, which include high-mobility group box 1 protein, uric acid, heat shock proteins, and nucleotides, have been described to promote and to exacerbate inflammation by activating the NF-κB pathway [1] . A high concentration of extracellular adenosine triphosphate (eATP) serves as a danger signal to alert the immune system to tissue damage [3] ; it promotes adhesion of neutrophils to the vascular endothelium, increases secretion of inflammatory cytokines by monocytes or macrophages, induces maturation of dendritic cells, and stimulates effector T-cell function [3] .
Tuberculosis research is not an exception to this rule; it has been mainly focused on the role of PRRs and mycobacterial PAMPs at the expense of the role of DAMPs. Mycobacterium tuberculosis, the etiologic agent of this disease has been described to interact with a multitude of PRRs, including Toll-like receptor 2 (TLR2), TLR4, TLR9, NOD-like receptor 2, and some C-type lectins (mannose receptor, DC-SIGN, dectin-1, and Mincle) [4] . Upon ligation of these receptors, macrophages secrete cytokines and chemokines that orchestrate the formation of granulomas. Tuberculosis is characterized by a caseous necrosis in tissues, and, interestingly, M. tuberculosis favors necrosis over apoptosis in infected macrophages [5] . Infected phagocytes are thus exposed to molecules usually present in the cytosol or in the nucleus of the cell. Surprisingly, little is known about how these DAMPs modulate antimycobacterial responses. It has been shown that eATP induces apoptosis of M. tuberculosis-infected phagocytes and mycobacterial killing via phagosome-lysosome fusion and autophagy induction in a P2X7-dependent manner [6] [7] [8] [9] . However, the consequences of an eATP-rich microenvironment for mycobacterial killing remain controversial [10] . The concentration of ATP required to limit bacterial growth in macrophages is very high (3 mM) [6] [7] [8] [9] 11] , well above physiological concentrations. Indeed, in the extracellular space, the steady state concentration of ATP is between 1 and 10 nM [12] , although in various pathological situations, such as inflammation, the concentration of eATP may be in the 100-μmol/L range [3] .
Here, we report an investigation of whether eATP, at concentrations likely to be present at the site of infection, influences the response of human monocyte-derived macrophages upon M. tuberculosis infection. We found that stimulation of M. tuberculosis-infected macrophages with ATP is accompanied by changes in expression of genes associated mainly with the immune response. In particular, ATP strongly decreased the secretion of inflammatory mediators such as tumor necrosis factor α (TNF-α) and chemokines responsible for the recruitment of innate effector cells, and it increases the expression of tissue-repair-associated genes like VEGF and transforming growth factor α (TGF-α). Alternative activation of macrophages by eATP required its degradation by the ectonucleotidase CD39, and we provide strong evidence that the resulting adenosine monophosphate (AMP) mediated the observed effect through the stimulation of the adenosine A 2A receptor. These various findings show that an extracellular AMP-rich microenvironment, similar to that probably prevailing in granulomas, modulates the macrophage response to M. tuberculosis infection and may favor bacterial persistence by dampening the host immune response.
METHODS

Ethics Statement
Buffy coats were obtained from healthy donors after informed consent (Etablissement Français du Sang). In conformity with French regulations, the biobank has been declared to and recorded by both the French Ministry of Research and a French Ethics Committee under the reference DC-2008-68 collection 2.
Reagents ATP, ADP, AMP, AMP-CP, adenosine, adenosine deaminase, and inosine were purchased from Sigma-Aldrich. The CD39 inhibitor (POM1), P1 receptor antagonists (SLV320, ZM241385, PSB1115, and MRS 1334), and P1 receptor agonists (2′-MeCC-PA, CGS 21680, BAY 60-6583, and 2-CI-IB-MECA) were purchased from Tocris Bioscience.
Mycobacteria, Macrophages, and Infection
M. tuberculosis (H37Rv) was grown in 7H9 broth supplemented with albumin-dextrose-catalase (Difco). Blood mononuclear cells were isolated by Ficoll-Paque centrifugation (GE Healthcare Life Sciences). CD14 + monocytes were isolated by positive selection using CD14 microbeads (Miltenyi Biotec) and were allowed to differentiate into macrophages in the presence of macrophage colony-stimulating factor (20 ng/mL; R&D Systems) over a 6-day period. Cell cultures were fed every 2 days with complete medium. Cells were infected as previously described at a multiplicity of infection of 0.5 bacteria/cell [13] . After 2 hours of incubation, the infected cells were washed and incubated in fresh medium for a further 18 hours in the presence or absence of nucleotides or drugs. The following drugs and treatments were used (at the concentration reported in brackets, unless otherwise indicated in figure legends): adenosine deaminase (0.01 U/mL), AMP-CP (100 µM), BAY 60-6583 (50 nM), 2-CI-IB-MECA (10 nM), CGS 21680 (500 nM), 2′-MeCCPA (50 nM), MRS1334 (50 nM), POM1 (100 µM), PSB1115 (1 µM), SLV320 (50 nM), and ZM241385 (1 µM).
Determination of Bacterial Counts
Macrophages were lysed by resuspension in 0.1% Triton X-100 in distilled water. Bacteria were enumerated as previously described [13] . Colony-forming units were scored after 3 weeks at 37°C.
RNA Preparation and Microarray Hybridization
Total RNA was extracted using QIAzol reagent (Life Technologie) and purified over RNeasy columns (Qiagen), as described by the manufacturers. All sample quality was strictly controlled with the Agilent 2100 bioanalyzer (Agilent Technologies) to verify RNA integrity. Only samples with good RNA yield and no RNA degradation (ratio of 28S to 18S, >1.7; RNA integrity number, >8.5) were used for further experiments. Total RNA was reverse transcribed and amplified as per the manufacturer's protocols using the Applause WTA Amp-Plus System (Nugen Technologies) and were fragmented and labeled using the Encore Biotin Module (Nugen Technologies). Gene expression was determined by hybridization of the labeled template to HuGene 1.0 ST microarrays (Affymetrix). The microarray data are publicly available at ArrayExpress Archive (username: Reviewer_E-MEXP-3805; password: uqessii2*).
Enzyme-Linked Immunosorbent Assay (ELISA)
At 18 hours after infection, supernatants from uninfected cells and M. tuberculosis-infected macrophages were filtered ( pore size, 0.22 μm; Millipore). Levels of interleukin 10 (IL-10), TNF-α, TGF-α, VEGF, CCL1, CCL13, and CCL22 (R&D Systems) were determined in triplicate by ELISA as described by the assay kit manufacturers.
Quantification of ATP Metabolites Using High-Performance Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)
An UPLC Acquity system (Waters) and an analytical BEH C18 column were used for liquid chromatography. The UPLC system was coupled to a Xevo QTOF G1 (Waters) as mass analyzer and detector. Data were processed using Quanlynx Software (Waters). A gradient UPLC method was used for the separation of the 5 molecules of interest. Mobile phase A consisted of 0.05% (v/v) formic acid plus 0.0636% hexylamine in water. Mobile phase B consisted in acetonitrile pH adjusted to 8.8 with ammonium hydroxide. The sampling cone voltage was set depending on the molecule: 40V for AMP, ADP, and ATP and 20V for adenosine and inosine. The voltage applied to the collision cell was set at 18V for each molecule, other than ATP, which was fragmented at 23V. 
Quantitative Reverse Transcription Polymerase Chain Reaction for Adenosine Receptors
Total RNA was isolated as previously described and reverse transcribed with a high capacity complementary DNA (cDNA) reverse transcription kit (Life Technologies); cDNA was amplified with TaqMan gene expression assays (Applied Biosystems).
Statistical Analysis
Data are expressed as means ± standard errors of the mean. Data were analyzed using Prism software (GraphPad Software) for 1-way analysis of variance (ANOVA) with the Dunnett or the Tukey post-hoc test as indicated in the figure legend. A P value below .05 was considered significant.
RESULTS
ATP Decreases Secretion of TNF-α by M. tuberculosis-Infected Macrophages Without Affecting Mycobacterial Viability
We first tested the effects of various concentrations of ATP on the response of M. tuberculosis-infected macrophages. We stimulated human mycobacteria-infected macrophages with ATP, and assayed the culture supernatants for 2 cytokines Figure 1 . Adenosine triphosphate (ATP) decreases tumor necrosis α (TNF-α) secretion by Mycobacterium tuberculosis-infected macrophages but does not induce mycobactericidal activity. Human monocyte-derived macrophages were infected with M. tuberculosis and stimulated with various concentrations of ATP. At 18 hours after infection, levels of interleukin 10 (IL-10) and TNF-α were quantified using enzyme-linked immunosorbent assay (A), and colonyforming unit (CFU) numbers were determined (B). Error bars represent means ± standard errors of the mean for 3 experiments.
playing key roles during tuberculosis and which have been described in other models to be modulated by eATP, namely TNF-α and IL-10 [14, 15] . The addition of ATP led to a dosedependent reduction in the secretion of the proinflammatory cytokine TNF-α; by contrast, the release of the antiinflammatory cytokine IL-10 was not affected by ATP treatment ( Figure 1A ).
We next evaluated whether ATP stimulates mycobacterial killing. At 1 day after infection, no statistically significant differences in the bacterial growth were observed between unstimulated macrophages and macrophages exposed to 1-1000 μM ATP ( Figure 1B ). Higher concentrations of added ATP led to cell apoptosis and decreased bacterial growth as previously reported ( [6-9, 11, 16] ; data not shown). The inhibition by ATP of TNF-α secretion by mycobacteriainfected macrophages led us to investigate global gene expression after ATP stimulation. Macrophages from 3 different donors were infected with M. tuberculosis and stimulated with 100 μM ATP. RNA was prepared 18 hours after infection, and the transcriptomes were analyzed. We identified 105 and 173 genes whose expression was modulated by ATP in uninfected macrophages and in M. tuberculosis-infected macrophages, respectively. Expression of 99 genes was regulated by ATP in both M. tuberculosis-infected and uninfected macrophages (Figure 2A) . Modulated genes were then classified on the basis of the annotation resources provided by GeneOntology [17] . The set of genes downregulated by ATP was significantly enriched for genes involved in the immune response (FDR, 3.8 × 10 Table 1 ). In particular, expression of chemokines belonging to the CC family (CCL1 and CCL13 being the 2 most repressed genes) was downregulated in the presence of ATP; the exceptions were CCL20 and CCL22 whose expression was increased ( Table 1 ). The CC chemokines have been reported to attract immune effector cells (monocytes, neutrophils, dendritic cells, and activated T cells), and the decrease of their expression is likely to dampen cellular recruitment and thus inflammation. Another gene family with pleiotropic effects, the interferon-induced genes, was significantly affected by ATP (the genes affected included IFI16, IFI44, IFI44L, IFIT1, IFIT3, and IFIT5; Table 1 ). Also, the stimulation of infected macrophages by ATP resulted in the strong upregulation of genes involved in the response to wounding and in tissue repair (such as IRF4, PPAR-γ, BMP6, THBS1, TGF-α, NR4A2, and PTGS2; FDR, 2.62 × 10 −13 ), and in the regulation of angiogenesis (VEGF as the main example; FDR, < 0.003; Table 1 and Supplementary Table 2) . Interestingly, IRF4 and PPAR-γ have emerged as key regulator of alternative macrophage polarization [18, 19] .
To confirm these observations, we assayed cytokines in the supernatants of uninfected and infected macrophages in the presence of ATP: ELISA was used to assess the concentrations of CCL1, CCL13, CCL22, VEGF, and TGF-α. The secretion of CCL1 and CCL13 by M. tuberculosis-infected macrophages was decreased in presence of ATP, whereas the secretion of CCL22, TGF-α, and VEGF was increased ( Figure 2B) .
Overall, these findings (with the decreased secretion of TNF-α [ Figure 1A ]) suggest that eATP may dampen the inflammatory response of M. tuberculosis-infected macrophages and may contribute to tissue repair and wound healing. This is in accordance with an alternative polarization of the infected macrophages in the presence of eATP [20, 21] . Indeed, in contrast to the classical M1 macrophages, which secrete proinflammatory cytokines and are essential for clearing bacterial, viral, and fungal infections, alternatively activated (or M2) macrophages have immunoregulatory functions and are involved in wound healing [21] .
Hydrolysis of ATP to AMP Is Necessary for Alternative Polarization of M. tuberculosis-Infected Macrophages
During inflammation, eATP is rapidly metabolized to ADP and AMP by ecto-ATPases of the E-NTPDase family, which includes ectonucleoside triphosphate diphosphohydrolase 1 or CD39 [22] . AMP is then converted to adenosine by CD73, also called ecto-5′-nucleotidase, and to inosine by the adenosine deaminase (ADA) [22] . At high concentration (>10 μM), eATP is generally considered to be proinflammatory. However, both pro-and antiinflammatory effects of ATP have been reported depending on the cell type and the concentration of ATP; the antiinflammatory action of eATP has generally been attributed to its degradation product, adenosine. Human macrophages can hydrolyze ATP: they express CD39 and CD73 at very low levels and secrete ADA upon M. tuberculosis infection (data not shown). We used LC-MS/MS to quantify ATP, ADP, AMP, adenosine, and inosine (INO) in the supernatants of mycobacteria-infected macrophages stimulated with ATP ( Figure 3A) . We found that eATP was hydrolyzed, leading to the accumulation of AMP and inosine into the medium (ATP, ADP, and adenosine were undetectable or were found at very low concentrations), suggesting that CD73 represents a bottleneck in eATP metabolism and thus that AMP might be the metabolite responsible for modulating gene expression following addition of ATP to infected macrophages.
To test this possibility, M. tuberculosis-infected macrophages were stimulated with ATP in the presence (and absence) of a CD39 inhibitor (POM1) and a CD73 inhibitor (AMPCP), and the supernatant was assayed for the cytokines modulated by ATP. Incubation with the CD39 inhibitor abolished the effect of ATP on CCL1, CCL22, TGF-α, and VEGF secretion, whereas incubation with the CD73 inhibitor had no effect (for TNF-α and TGF-a) or even potentiated the effect of ATP (for CCL1, CCL13, and VEGF; Figure 3B and Table 2 ). The increase in CCL13 secretion in the presence of POM1 suggests that both ATP and AMP play a role in the secretion of this cytokine. In control experiments, the presence of the CD39 inhibitor and the CD73 inhibitor led to the accumulation of ATP and AMP, respectively, in the ATP-stimulated macrophage cultures (data not shown). These results suggest that AMP might be the metabolite responsible for the alternative activation of mycobacteriainfected macrophages by ATP.
However, degradation of AMP to adenosine via an alternative CD73-independent pathway has been described [23] . To exclude the involvement of adenosine, infected cells were incubated with AMP or adenosine, in the presence of ADA (an enzyme that rapidly converts adenosine into inosine). When mycobacteriainfected macrophages were stimulated with AMP, the secretion of CCL1 was similar in the presence and absence of ADA, whereas ADA abolished the effect of adenosine ( Figure 3C ). Similar results were obtained with the other cytokines tested previously (data not shown). AMP on its own is thus sufficient to modulate the macrophage response upon M. tuberculosis infection and does not need to be hydrolyzed to adenosine.
Interestingly, the secretion of CCL1 was decreased in a similar manner by AMP and adenosine, suggesting that both molecules signal through the same receptor.
Extracellular AMP Signals Through the Adenosine A 2A Receptor
Adenosine signals through P1 nucleotide receptors (adenosine receptors A 1 , A 2A , A 2B , and A 3 ) [22] , and some studies suggest Data are means ± standard errors of the mean. Macrophages were infected with M. tuberculosis and stimulated with ATP in the presence of a CD39 inhibitor or a CD73 inhibitor. Eighteen hours after infection, levels (ng/mL) of CCL13, CCL22, TGF-α, TNF-α, and VEGF were assayed by enzyme-linked immunosorbent assay. One-way analysis of variance was performed with a Dunnett post-hoc analysis, using M. tuberculosis-infected macrophages stimulated with ATP.
Abbreviations: ND, not detected; NS, not significant; TGF-α, transforming growth factor α; TNF-α, tumor necrosis factor α. a P < .05.
b P < .001. A, M. tuberculosis-infected macrophages were stimulated with adenosine monophosphate (AMP) in the presence of adenosine receptor antagonists. CCL1 was assayed as described above. B, The experiment was performed as described in panel A, except that M. tuberculosis-infected macrophages were stimulated with adenosine receptor agonists. C, Macrophages were not infected (control) or infected with M. tuberculosis. A total of 18 hours and 48 hours after infection, expression of the 4 adenosine receptors was quantified by assaying the messenger RNAs by quantitative reverse-transcription polymerase chain reaction. The transcription levels were normalized to that of the human large ribosomal protein as an endogenous control. Error bars represent means ± standard errors of the mean. One-way analysis of variance was performed with a Dunnett post-hoc analysis for multisample testing using untreated M. tuberculosis-infected macrophages. *P < .05, **P < .01, and ***P < .001. Data are for 3 experiments.
that AMP can bind to A 1 and A 2A receptors [24] [25] [26] . To identify the AMP receptor(s) in our model, we incubated M. tuberculosisinfected macrophages with antagonists of the 4 adenosine receptors (SLV320 for A 1 , ZM241365 for A 2A , PSB1115 for A 2B , and MRS1334 for A 3 receptor) in the presence of AMP ( Figure 4A ). The A 2A antagonist completely inhibited the effects of AMP on CCL1 secretion, whereas the A1, A 2B , and A3 antagonists had no effect.
To confirm these results, we stimulated mycobacteriainfected macrophages with agonists of the 4 adenosine receptors: 2′-MeCCPA for A 1 , CGS1216 for A 2A , BAY 60-6583 for A 2B , and 2-CI-IB-MECA for A 3 . Only the A 2A agonist had an effect similar to that of AMP, whereas the A 1 , A 2B , and A 3 agonists did not modulate CCL1 secretion ( Figure 4B ). Other cytokines whose secretion was modulated by ATP (namely CCL13, CCL22, VEGF, and TGF-α) were also similarly analyzed, and the results obtained with agonists and antagonists of the adenosine receptors were consistent with those for CCL1 (Supplementary Figure 1) . These findings indicate that the adenosine A 2A receptor is central to the M2-like polarization of M. tuberculosis-infected macrophages by AMP.
The expression of the messenger RNA (mRNA) for the adenosine receptor A 2A was strongly upregulated upon M. tuberculosis infection ( Figure 4C ): the gene for the adenosine receptor A 2A was 370, 100, and 133 times more strongly expressed than the adenosine receptor A 1 A 2B , and A 3 genes, respectively, 48 hours after infection, although it was more weakly expressed in uninfected cells.
DISCUSSION
The capacity of M. tuberculosis to induce cell death is well documented [5] . In granulomas, the central necrotic core allows bacteria to evade the host immune defense and to grow extracellularly [27] . Here, we show that ATP modulates macrophage function. We identified 266 genes whose expression in mycobacteria-infected macrophages is affected by eATP (Figure 2) . Expression of markers associated with an M1 profile was downregulated. Secretion of TNF-α by M. tuberculosis-infected macrophages was strongly decreased by the presence of ATP. Expression of inflammatory chemokines of the CC chemokine family (namely CCL1, CCL7, CCL8, CCL13, CCL14-15, CCL23, and CCL24) was also downregulated in M. tuberculosis-infected macrophages in the presence of ATP ( Table 1 ). The corresponding receptors of these chemokines (CCR1, CCR2, CCR3, CCR6, and CCR8) are expressed by monocytes, natural killer cells, immature dendritic cells, B cells, and activated T cells [20] . It is therefore likely that eATP influences the ability of infected macrophages to attract immune cells to the site of infection and to develop an effective immune response against M. tuberculosis. Other markers associated with wounding and tissue repair (such as CCL22, PPAR-γ, TGF-α, VEGF, and IRF4) were, on the contrary, upregulated in the presence of ATP. Interestingly, these markers are parts of the signature of alternatively activated macrophages [18] [19] [20] [21] .
Alternative activation of mycobacteria-infected macrophages by eATP may be somewhat unexpected. However, in murine peritoneal macrophages and in human monocytes, eATP negatively regulates TLR signaling and suppresses interleukin 12 (IL-12) and TNF-α secretion, in part through adenosine generation [28, 29] . Also, in murine macrophages polarized toward an M2 phenotype, a high concentration of ATP (5 mM), through its pyrophosphate chains, inhibits interleukin 1β release [30] . In our study, hydrolysis of ATP to AMP was necessary for the observed activation of M. tuberculosis-infected macrophages. Human monocyte-derived macrophages express CD39 and CD73 (this latter at very low level). This leads to the accumulation of extracellular AMP in the presence of ATP; inhibition of CD39 abolished the effect of ATP on M. tuberculosis-infected macrophages (Figure 3) .
Ectonucleotidases are key regulators of purinergic signaling in inflammation and immunity [12, 31] . The host immune response is fine-tuned according to their action. CD4 + CD25 + Foxp3 + regulatory T cells and in vitro-generated Th17 express CD39 and CD73 and thereby generate adenosine that suppresses T cells through the engagement of the adenosine A 2A receptor [32] Our data strongly suggest that AMP, not adenosine, dampens the inflammatory response and polarizes infected macrophages toward an M2-like profile through the adenosine A 2A receptor (Figure 4 ). Our findings thus suggest that this receptor has an essential role in the immune response against M. tuberculosis. Interestingly, we observed that A 2A receptor mRNA expression was strongly upregulated in macrophages upon M. tuberculosis infection, such that the A 2A receptor was the adenosine receptor most expressed by infected macrophages ( Figure 4C ). During tuberculosis, the granuloma may become an immunosuppressive environment through A 2A activation by AMP or adenosine. However, the effect of adenosine may be limited as the expression of ADA, the enzyme responsible for its degradation, is upregulated in patients with tuberculosis [33, 34] and in M. tuberculosis-infected macrophages (data not shown). The M1-M2-like switch may provide protection against overwhelming uncontrolled inflammation by limiting recruitment of immune cells but may also allow bacterial escape. Secretion of CCL22 may favor the recruitment of Th2 cells and regulatory T cells to the granuloma [35, 36] . The generation of extracellular AMP by macrophages may also affect other cell types in granulomas. The adenosine receptor A 2A is indeed widely expressed by diverse immune cells, including neutrophils, monocytes, macrophages, dendritic cells, and T and B cells [22] . A 2A receptor-mediated signaling has been reported to impair the oxidative burst, degranulation, and phagocytosis by neutrophils [37] [38] [39] ; to suppress TLR-induced release of IL-12 by mature dendritic cells [40] ; and to inhibit proliferation and functions of effector T cells [32, 41, 42] . This may explain, for example, why effector T cells show limited antigen activation in granulomas [43] .
The centers of necrotizing granulomas contain extracellular M. tuberculosis. The bacillus may exploit the purinergic pathway to modulate the macrophage immune response directly. Numerous human pathogens express ectonucleoside triphosphate diphosphohydrolases as either membrane-bound or extracellular enzymes that have been linked to virulence [44] . For example, Legionella pneumophila has 2 putative secreted NTPDases, which are required for full virulence of the bacteria in mouse model of legionnaires' disease. M. tuberculosis may also hydrolyze eATP in vivo. Mycobacterium bovis bacillus CalmetteGuérin indeed secretes 2 ATP-scavenging enzymes: nucleoside diphosphate kinase and ATPase [45] .
Overall, our data suggest that the purinergic pathway is an important regulator of the immune response during tuberculosis. Hydrolysis of eATP into AMP by M. tuberculosis-infected macrophages or directly by the bacillus may provide protection against overwhelming uncontrolled inflammation but may favor immune escape of the bacillus. Studies are needed to decipher in more detail the role of eATP and its metabolites in vivo.
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